The origin of land plants from algae is a long-standing question in evolutionary biology. It is becoming increasingly clear that many characters that were once assumed to be 'embryophyte specific' can in fact be found in their closest algal relatives, the streptophyte algae. One such case is the phenylpropanoid pathway. While biochemical data indicate that streptophyte algae harbor lignin-like components, the phenylpropanoid core pathway, which serves as the backbone of lignin biosynthesis, has been proposed to have arisen at the base of the land plants. Here we revisit this hypothesis using a wealth of new sequence data from streptophyte algae. Tracing the biochemical pathway towards lignin biogenesis, we show that most of the genes required for phenylpropanoid synthesis and the precursors for lignin production were already present in streptophyte algae. Nevertheless, phylogenetic analyses and protein structure predictions of one of the key enzyme classes in lignin production, cinnamyl alcohol dehydrogenase (CAD), suggest that CADs of streptophyte algae are more similar to sinapyl alcohol dehydrogenases (SADs). This suggests that the end-products of the pathway leading to lignin biosynthesis in streptophyte algae may facilitate the production of lignin-like compounds and defense molecules. We hypothesize that streptophyte algae already possessed the genetic toolkit from which the capacity to produce lignin later evolved in vascular plants.
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Keywords: Charophytes Lignin Phenylpropanoids Plant evolution Plant-microbe interaction Secondary metabolism.
Introduction
Land plants evolved from within the higher streptophyte algae (Lewis and McCourt 2004 , Wickett et al. 2014 , de Vries et al. 2016 ). Molecular characterization of streptophyte algae has accelerated over the last few years thanks to transcriptome sequencing projects (Ju et al. 2015 , Van de Poel et al. 2016 ) and a genome project for Klebsormidium flaccidum (Hori et al. 2014 )-and more are underway (Rensing 2017) . It is becoming more and more clear that embryophytic features such as 'communication' with soil microbes , complex phytohormone signaling (Hori et al. 2014 , Holzinger and Becker 2015 , Ju et al. 2015 , phragmoplast formation during cell division (Fowke and Pickett-Heaps 1969, Buschmann and Zachgo 2016) , tighter plastid-nucleus communication and plastid properties (de Vries et al. 2016 , de Vries et al. 2017a , and intricate stress responses (Holzinger et al. 2014, Holzinger and Pichrtová 2016) were in fact already present in streptophyte algae. These features now underpin the concept that streptophyte algae were 'pre-adapted' to the terrestrial environment (see Becker and Marin 2009) .
One of the remarkable features of land plant biology is their production of a broad range of secondary metabolites. A major source of plant secondary metabolites is the phenylpropanoid (PP) pathway (Vogt 2010) . The PP pathway generates precursors for land plant-associated compounds such as lignin (the 'wood molecule'), cinnamaldehyde (a major constituent of the flavor of cinnamon; Ito 2008 ) and flavonoids, which include antioxidants such as quercetin (Boots et al. 2008) . Hence, these molecules display a wide functional diversity. In the case of substances such as suberin and lignin, they provide physical stability to plant tissues (see Whetten and Sederoff 1995) . Many PPs (including, but not limited to, flavonoids and stilbenes) are also known for their important role in stress response, especially to phytopathogens (Woodward and Pearce 1988 , Dixon et al. 2002 , Hammerbacher et al. 2011 , Oliva et al. 2015 .
PP biosynthesis is generally thought to have originated at the base of land plants (Emiliani et al. 2009 ). Evolving the ability to synthesize these metabolites has been considered a key adaptation of land plants, helping them to achieve their present-day complexity (Weng 2013) . The evolution of the PP core pathway was proposed to have benefited from lateral gene transfer of a key enzyme from bacteria to the base of the land plants (Emiliani et al. 2009 ). Yet these studies were performed in the absence of genome-scale data for streptophyte algae. Here we present a survey of available genome and transcriptome data from streptophyte algae with regard to genes coding for key enzymes of the PP core, lignin, coumarin and flavonoid biosynthesis pathways. Our data show that an ortholog of the cornerstone enzyme phenylalanine ammonia lyase (PAL) is present in the basal branching streptophyte alga K. flaccidum and that streptophyte algae have the 'genetic toolkit' for the biosynthesis of PPs and their derivatives.
Results and Discussion
Enzymes for the biosynthesis of phenylpropanoids and their derivatives across Chloroplastida
The PP biosynthetic pathway is the backbone for multifaceted secondary metabolites. It can generate many clade-specific secondary metabolites such as sinapine, which is a signature metabolite of Brassicaceae (Milkowski and Strack 2010) . It can also lead to capsaicin in pepper fruits (Díaz et al. 2004) . Nevertheless, underlying this complexity is a common gene suite. Here, we sought to determine the extent to which this and its downstream pathways are present in two chlorophytes, five streptophyte algae and four land plants. Based on Vanholme et al. (2012) , we categorized the pathway into four major groups: the PP core pathway, coumarin biosynthesis, lignin biosynthesis and flavonoid biosynthesis (Supplementary Table S1 ).
We began by extracting all 22 PP core pathway enzymes, as well as 40 coumarin, 89 lignin and 14 flavonoid biosynthesis pathway enzymes from the Arabidopsis thaliana KEGG (Kyoto Encyclopedia of Genes and Genomes) entry and using them as BLAST queries against our data set. Six enzymes listed in the KEGG pathway but not considered by Vanholme et al. (2012) were assigned to the category 'other'. For the 22 PP core pathway enzymes, we identified a variety of homologs within the streptophyte algae, ranging from 16 in Mesostigma viride to 22 in K. flaccidum. The homologs from streptophyte algae show an average of 37.2% protein sequence identity (i.e. in the local alignment) relative to the A. thaliana sequences, while land plants show a higher average sequence identity (56.0%) and chlorophytes show a lower sequence identity (29.0%) compared with A. thaliana (Fig. 1) . For the coumarin biosynthesis proteins, we identified homologs for all 40 A. thaliana sequences in all streptophyte algae, except M. viride (six out of 40). Similar to the PP core pathway, we found an increase in sequence identity from chlorophytes to streptophyte algae to land plants for the coumarin biosynthesis proteins (31.1% in chlorophytes < 43.7% in streptophyte algae < 50.3% in land plants; Fig. 1 ). Of the 89 lignin biosynthesis proteins in A. thaliana, streptophyte algae possess homologs for 74 (M. viride) to 89 (K. flaccidum) proteins. Even though less pronounced, the sequence identities of the lignin biosynthesis sequences increased in the same manner as the aforementioned PP core and coumarin biosynthesis enzymes ( Fig. 1) : 31.1% in chlorophytes < 36.1% in streptophyte algae < 51.2% in land plants. For the flavonoid pathway, the detected number of homologs ranged from 10 in Nitella mirabilis to 13 in Fig. 1 Similarity matrix of Arabidopsis thaliana phenylpropanoid (PP) biosynthesis enzymes across Chloroplastida. A protein sequence data set was assembled from the genomes (black font) of four land plants (embryophytes), the streptophyte alga Klebsormidium flaccidum and two chlorophytes, as well as from four RNaseq data sets (blue font) of streptophyte algae. As queries for our BLASTp/tBLASTn survey, we used sequences of well-characterized Arabidopsis enzymes, including 22 PP core, 40 coumarin, 89 lignin and 14 flavonoid biosynthesis enzymes. Detected homologs are depicted by ticks colored based on their local identity (blue, low, to orange, high; relative to the respective A. thaliana sequences). Black ticks indicate no detection of a homolog (e-value cutoff <10 À7 ).
Coleochaete orbicularis (Fig. 1) . However, in contrast to the other three major pathways, this pathway showed a similar degree of sequence identity in chlorophytes and streptophyte algae compared with A. thaliana (28.3% and 31.1%, respectively), while land plants showed the greatest identity (44.2%). These data suggest a distinct progression of PP, coumarin and lignin biosynthesis protein identity in streptophyte algae, setting them apart from the pattern observed for chlorophytes. However, a high degree of sequence redundancy is likely for these proteins and it is therefore necessary to identify the true orthologs with a more rigorous screening.
Orthologous enzymes for the biosynthesis of phenylpropanoids and their derivatives across streptophyte diversity A number of algae are known to produce PPs and PP-derived metabolites (Goiris et al. 2014) . To address the question of to what degree the PP pathway enzymes of embryophytes have orthologs in streptophyte algae, we used a reciprocal best BLAST hit to screen our assembled data set for genes and transcripts coding for proteins orthologous to those PP biosynthesis enzymes from A. thaliana ( Fig. 2A ; Supplementary Table S2) . Of 157 Arabidopsis proteins (i.e. 22 PP core, 40 coumarin, 89 lignin and six others), we found between four (M. viride) and 11 (N. mirabilis) proteins fulfilling this reciprocal best BLAST hit criterion in the streptophyte algae. An even smaller number of putative orthologs was detected in chlorophytes: two in Ostreococcus lucimarinus and four in Chlamydomonas reinhardtii. Among land plants, we found only 28 orthologs in Physcomitrella patens and 39 in Picea abies. These small numbers of putative orthologs may reflect the gene family expansion of many PP core, lignin and coumarin biosynthesis genes in Arabidopsis (Hamberger et al. 2007; see Xu et al. 2009 ).
We next attempted to infer the routing of streptophyte algal PP biosynthesis (Fig. 2B) . Based on the orthologs detected, reactions are present which connect phenylalanine (the point of entry into the PP pathway) with the metabolite p-coumaroyl-CoA, which links the PP core pathway to the flavonoid biosynthesis pathway (Vogt 2010 ; Supplementary Fig. S1 ). The only enzyme missing from the thread is cinnamate 4-hydroxylase (C4H). However, it has been noted previously that many photosynthetic eukaryotes [both Archaeplastida and meta-algae (i.e. a polyphyletic group encompassing eukaryotes that gained plastids through secondary/tertiary endosymbiosis)] apparently lack the C4H enzyme (Labeeuw et al. 2015 ). Yet, Goiris et al. (2014) found high levels of p-coumaric acid across a broad range of Archaeplastida and meta-algae, including Tetraselmis, which belongs to a basal branching group of chlorophytes (Leliaert et al. 2012 ). This suggests a non-canonical, thus far unknown, mechanism for the production of p-coumaric acid in these algae. We therefore assume that the means by which Tetraselmis produces p-coumaric acid might also be used by streptophyte algae. From p-coumaric acid, the streptophyte algal 4-coumarate:CoA ligase (4CL) is predicted to catalyze the synthesis of p-coumaryl-CoA (see Gross and Zenk 1974) , a metabolite that can be funneled into flavonoid, H-lignin or further along into G-and S-lignin biosynthesis (Vogt 2010) . Some of the orthologs predicted to play a role in generating flavonoids, and most of the orthologs for H-lignin and G-lignin were detected among streptophyte alga in our screen ( Fig. 2; Supplementary Fig. S1 ). 
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Peroxidases (PER4, 64 & PRX2, 17, 25, 37, 52, 71, 72) ). Gene families have been reduced to one functional category. Gray boxes highlight those gene families for which in-depth analyses have been performed. (B) A simplified diagram of the PP, coumarin and lignin biochemical pathway based on KEGG. The dashed arrows indicate steps that are only suggestive or are not included in the core PP and lignin pathway (see Vanholme et al. 2012 , Vanholme et al. 2013 . Green font and flags (on the arrows) highlight those enzymes present in streptophyte algae; black font and flags label enzymes not detected in streptophyte algae. Gray font labels indicate that the function of this enzyme in the PP and lignin pathway could not be demonstrated experimentally (de Azevedo Souza et al. 2009 ). The dotted box around pcoumaric acid refers to its UHPLC-MS/MS-based detection among many Archaeplastida in the absence of detectable C4H homologs (see Goiris et al. 2014 , Labeeuw et al. 2015 . Cinnamoyl-CoA and p-coumaroylCoA are precursors of the flavonoid pathway.
For the production of S-lignin, the required ferulate 5-hydroxylase (F5H; see Meyer et al. 1998) was not detected. One needs to bear in mind that our approach is based on sequence identity and is very strict; it has been shown that the lycophyte Selaginella moellendorffii possesses another F5H gene, which arose independently from the F5H gene in angiosperms-although both belong to the cytochrome P450 (CYP P450) protein family (Weng et al. 2008) . As a result of convergent evolution, the SmF5H shows little sequence identity with the angiosperm F5H counterparts (Weng et al. 2008) and is functionally distinct (Weng et al. 2010 . Weng et al. 2011 . Because SmF5H and AtF5H are not orthologous, we were unable to detect this gene (i.e. SmF5H) in our analyses. The evolution of F5H function is characterized by convergent evolution of the CYP P450 protein family and an absence of F5H in many lineages (see Weng et al. 2010) . Nonetheless, this does not exclude the possibility that orthologs of SmF5H could be present in lineages missing an AtF5H ortholog. To test if the streptophyte algae possess a protein orthologous to SmF5H, we conducted an additional reciprocal BLAST search using the SmF5H sequence published by Weng et al. (2008) (Protein-IDs: ABV80343.1; 166299); we detected only for P. patens (Protein-ID: Pp3c17_14010V3.1.p), but not for any other organism, a protein orthologous to SmF5H. Due to the aforementioned convergence and versatility of CYP P450 protein evolution, it is conceivable that streptophyte algae might also have (convergently) evolved another CYP P450 protein catalyzing a reaction that allows the plants to produce S-lignin.
Evolutionary history of phenylpropanoid biosynthesis in plants and algae Labeeuw et al. (2015) found homologs of the enzymes catalyzing the reactions leading to the biosynthesis of monolignol in many archaeplastidians. However, biosynthesis of G-and S-lignin seemed limited to land plants. Here we show that orthologs of these enzymes are in fact present in streptophyte algae. The same restricted distribution was thought to be the case for the key enzyme acting upon phenylalanine at the very beginning of the PP pathway: only land plants were thought to encode PAL (see Labeeuw et al. 2015) . Emiliani et al. (2009) in fact proposed that the PAL gene was transferred from soil bacteria to the base of land plants by lateral gene transfer (LGT). However, we identified a clear ortholog of PAL in the streptophyte alga K. flaccidum, which we call KfPAL (Fig. 2) . Reciprocal best BLAST hits to PAL were obtained for the four other streptophyte algae for which transcriptome data are available, although these genes are very fragmented, suggesting low expression/low coverage, and must be considered with caution. We therefore focused our efforts on KfPAL and what it might reveal about the evolutionary history of PAL in the green lineage.
KfPAL is 445 amino acids in length and is significantly shorter than the PAL proteins of Arabidopsis (e.g. AtPAL1 with 725 amino acids) and the 758 amino acid Physcomitrella PAL (Pp3c14_11870V3.1.p) (Fig. 3A) . Nevertheless, the main structural domain of all of these proteins is the Lyase 'class I' domain, predicted to span 428 amino acids in KfPAL (486 amino acids in AtPAL1; Fig. 3A) . One of the best predictions of the function of PAL is an F residue followed by an L residue in its active site (position 144/145 in AtPAL1; Watts et al. 2006) . When the first of these aforementioned residues is an F, the substrate is phenylalanine and the product is cinnamic acid. Best protein structure model predictions for KfPAL and AtPAL1 were computed by I-TASSER; the structure of AvPAL (chain A) was downloaded from the Protein Data Bank (PDB). The blue box highlights the extra residues/ domains characteristic of bona fide eukaryotic PALs, which are organized in the quaternary structure in a fan-like manner. (C) Orthologs of eukaryotic PALs can be found outside of fungi and land plants. AtPAL1 was used as a query in a BLASTp search against all eukaryotic sequences in RefSeq, excluding land plants and fungi, returning 381 hits. All 381 retrieved hits (from various groups of eukaryotes, sorted, color labeled and shown below the matrix) were used as a query in a reciprocal BLASTp search against the A. thaliana genome peptide release, returning in all 381 cases one of the four PAL proteins encoded by the A. thaliana genome. The black ticks in the matrix denote which of the four AtPAL paralogs was returned as the best reciprocal hit.
However, when this position corresponds to H, tyrosine is the substrate and p-coumaric acid is the product (Watts et al. 2006) . To evaluate the putative functionality of KfPAL, we (i) investigated the corresponding region in KfPAL (position 80/81) and (ii) attempted to gain further insight into its functionality by using Iterative Threading ASSEmbly Refinement (I-TASSER; Zhang 2008) to model its tertiary structure. At its corresponding active site (position 80/81), KfPAL has neither an F nor H residue, but rather a G residue followed by L, as in AtPAL1. This variation of the active site residues of KfPAL is inconclusive in terms of what substrate KfPAL will convert. KfPAL's best structure model was found to be closest to the PAL of the Gram-negative bacterium Pantoea agglomerans (PDB accession: 3UNV). The most confidently predicted ligand-binding sites for KfPAL were for S-b-phenylalanine (C-score 0.94) and trans-cinnamic acid (C-score 0.74), representing the usual substrate and product of PAL, respectively. Hence, even though its active site does not show the canonical residues, the I-TASSER analysis suggests that KfPAL has its canonical function using phenylalanine as a substrate. However, the predicted KfPAL structure resembles the histidine ammonia lyases (HALs; see Schwede et al. 1999) . One of the features thought to distinguish HAL and PAL is the presence of extra residues in land plant PALs (Fig. 3B, blue box) , which are arranged in a fan-like manner in the quaternary structure of eukaryotic PALs (Calabrese et al. 2004) . Moffit et al. (2007) found the absence of this domain to be a characteristic of cyanobacterial PALs and proposed that the structure of the cyanobacterial PAL represents an evolutionary intermediate from which the eukaryotic PAL arose. Given that KfPAL also lacks this domain, it seems reasonable to conclude that the K. flaccidum ortholog has retained the ancestral (i.e. cyanobacterial) state. Streptophyte algae thus provide an opportunity to study the evolutionary trajectory of plant PALs.
What does the presence of a PAL ortholog in streptophytes mean for the bacterium to land plant LGT proposed by Emiliani et al. (2009) ? Using KfPAL as a query, the first BLASTp hit against the non-redundant GenBank CDS translations + PDB + SwissProt + PIR + PRF bacterial sequences (NCBI Resource Coordinators 2016) is to HALs of soil-dwelling methylobacteria (WP_012330172.1), while the second hit is to the cyanobacterium Anabaena variabilis PAL (Q3M5Z3.1). Anabaena variabilis belongs to the section IV cyanobacteria, whose proteins show high similarity to plastid endosymbiosis-derived nuclear genes (Dagan et al. 2013 ). Since phenylalanine is synthesized in the plastid (Rippert et al. 2009 ) and PAL is present in cyanobacteria (Moffit et al. 2007) , it is conceivable that eukaryotic PAL was inherited from the cyanobacterial endosymbiont via endosymbiotic gene transfer (EGT; see Timmis et al. 2004) , not from bacteria by
LGT. Yet, fungi have the eukaryotic PAL (Emiliani et al. 2009 ), making the scenario of cyanobacterial/plastid EGT less likely. To explore this further, we generated a maximum likelihood (ML) phylogeny of 228 PALs and HALs from a wide range of Bacteria and Eukarya ( Supplementary Figs. S2, S3 ). Similar to Emiliani et al. (2009) , we retrieved a well-supported clade with soil bacteria, cyanobacteria, fungi and land plants; KfPAL clustered with this soil bacterial/cyanobacterial clade and not with the land plants. This further underscores the strong resemblance to bacterial PALs deduced from the KfPAL structure. In contrast to Emiliani et al. (2009) , the clade harboring fungi and land plant PALs also included animals (such as the recently sequenced brachiopod Lingula anatina; Luo et al. 2015) . The results suggest that the evolutionary history of PAL is indeed not easily explained by an LGT event at the base of land plants, but is rather complex. This was further supported when we searched the eukaryotic RefSeq database (excluding fungi and land plants) via BLASTp using AtPAL1 as query. We detected 381 sequences from all eukaryotic supergroups (see Adl et al. 2012 ) except Excavata. Furthermore, when these 381 sequences are used as BLASTp queries against the A. thaliana genome, all of them return one of the four AtPALs as best hit (Fig. 3C) . Hence all eukaryotic PALs and HALs might share a common ancestry. From this common ancestor onwards, sequence divergence and convergence and even possible replacements of nuclear PAL/HAL by organellar versions via EGT may have shaped the evolutionary history of PAL; we therefore think it likely that KfPAL's affinity for cyanobacterial sequences is indicative of such an EGT-driven replacement. Regardless of the implications for LGT, our data show that the streptophyte alga Klebsormidium possesses a PAL, the key entry point into the PP pathway.
A phylogenetic framework for lignin biosynthesis in streptophyte algae
Lignin is a major component of (vascular) land plants. It adds strength to their cell walls, supporting upward growth (Cowles et al. 1984) . Naturally, streptophyte algae have been investigated as potential models for early plant cell wall evolution (Sørensen et al. 2011 , Domozych et al. 2014 , Harholt et al. 2016 ) and found to have lignins or lignin-like compounds (Delwiche et al. 1989 , Kroken et al. 1996 , Ligrone et al. 2008 , Sørensen et al. 2011 ); these cell wall-reinforcing metabolites are considered to be involved in streptophyte algal stress responses (Holzinger and Pichrtová 2016). As described above, synthesis of these compounds starts with PAL (Cowles et al. 1984) . The product of PAL is cinnamic acid, which is converted to p-coumaric acid by C4H. Yet, the presence of C4H is not a requirement for p-coumaric acid biosynthesis in numerous algae (Goiris et al. 2014) , which might apply to streptophyte algae, too. The conversion of p-coumaric acid to p-coumaroyl-CoA is catalyzed by 4CL (for an overview, see Shockey et al. 2003) . Within the streptophyte algae, we found potential orthologs for at least one representative of the 4CL enzyme class, with the exception of the transcriptome of Coleochaete and Nitella (Fig. 2A) .
While most streptophyte sequences had their best hit to one of the At4CLs, a sequence obtained for N. mirabilis retrieved the A. thaliana AMP-dependent ligase AT4G05160, a closely related enzyme, as a reciprocal hit. In an attempt to resolve this ambiguity, we inferred a phylogeny on 4CL, acyl-CoA synthetase (ACoS), other AMP-dependent ligases (AT4G05160 and AT4G19010) in the pathway and acyl-activating enzymes (AAEs), which are related AMP-dependent ligases not involved in PP biosynthesis (see Shockey et al. 2003 , Gao et al. 2015 ; Fig. 4A ). All streptophyte algal sequences clustered within the group of 4CLs, ACoS and the other AMP-dependent ligases (bootstrap value = 99) and with a slightly weaker support more closely to 4CLs and ACoS (bootstrap value = 65). It was shown that AtACoS5 and the other two 4CL-like AMP-dependent ligases have only poor affinity for the usual 4CL substrates (Costa et al. 2005 ). I-TASSER predictions for the 4CL ortholog of K. flaccidum and the N. mirabilis enzyme show that the closest structural analog is the Nicotiana tabacum 4CL (PDB ID 5BSR; Li and Nair 2015; TM-scores 0.967 and 0.891).
We further analyzed the active site and CoA-binding pocket of the 4CL sequences based on the data on N. tabacum 4CL2 in its thioester conformation (Li and Nair 2015; Supplementary File S1). The active site (H237, T336, D420, K437, K441, Q446; positions based on Nt4CL2) is conserved across all sequences shown in the alignment (which includes all sequences shown in the phylogeny except for the AAEs), including all streptophyte algae. The CoA-binding pocket, however, shows distinct differences between canonical 4CLs, ACoS and those sequences that we classified as other AMP-dependent ligases (all positions based on the N. tabacum sequence): while residues K443 and F445 are conserved in all sequences, F506 is only conserved among canonical 4CLs and substituted by P or H in all other sequences, including those of streptophyte algae. Residues L233 and F261 group the streptophyte algae sequences with the canonical 4CLs, while ACoS sequences in our alignment have I or M at position 233 and Y at position 261 (with the sole exception being PaACoS). Residue K260 is conserved between the streptophyte algal sequences of Mesostigma and Klebsormidium and the canonical 4CLs, while Nitella possesses an R. These data indicate that while similar to ACoS in some respects, streptophyte algal sequences show a distinct progression in sequence similarity towards canonical 4CLs, supporting their potential 4CL-like function in the PP pathway ( Supplementary Fig. S4) . Labeeuw et al. (2015) reported no 4CLs for C. reinhardtii and O. lucimarinus but found a potential 4CL in Chlorella variabilis. Fig. 4 Phylogenies of three key enzymes of the core phenylpropanoid (PP) and lignin biosynthesis pathways. All phylogenies were computed based on a maximum likelihood (ML) LG + G + I method (bootstrap values <50 are not shown in the figure) and rooted with their respective outgroups ('out'); RNaseq-derived protein sequences too short for building a proper alignment were excluded from the phylogenetic analyses. (A) Phylogeny of the core PP pathway AMP ligases catalyzing the conversion of hydroxycinnamic acids to their respective CoA thioester. All ingroup sequences were retrieved via a reciprocal best BLAST hit with the Arabidopsis sequences as an initial query. Only Arabidopsis sequences given in the KEGG database for this reaction were used. (B) Phylogeny of CCR, CCR-like and DFR sequences identifies CCR and CCR-like streptophyte algal sequences. Land plant sequences were recovered via a reciprocal best BLAST hit based on the Arabidopsis CCR1 and CCR2 sequence. All algal sequences were recovered via a one-way best BLAST hit with AtCCR1 and AtCCR2 as query sequences. (C) Phylogeny of CAD sequences based on reciprocal best BLAST hits using the Arabidopsis CAD sequences as query. Only Arabidopsis CAD sequences given by the KEGG database were used. CAD groups were defined based on Saballos et al. (2009) . Outgroups were chosen (i) based on Labeeuw et al. (2015) , (ii) because there are no plant sequences and (iii) because of their sequence similarities to the respective enzyme families.
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We therefore performed a BLASTp using At4CL1 as a query against C. variabilis that returned the protein with the identifier 'CHLNCDRAFT_48296'. Performing a BLASTp using 'CHLNCDRAFT_48296' as a query against A. thaliana retrieved AtAAE3 as a best hit. AtAAE3 clusters outside of the AMPdependent ligases involved in PP biosynthesis (Fig. 4A) . This suggests that chlorophytes may only possess some AAEs, which are closely related to the PP pathway AMP-dependent ligases, but are functionally distinct. Hence, our data support the presence of 4CL among streptophyte, but not chlorophyte algae.
The next important enzyme en route to lignin-next to caffeoyl-CoA O-methyltransferase (CCoAOMT)-is cinnamoyl-CoA reductase (CCR). We did not detect a reciprocal hit for CCR in our BLAST analyses of our algal data sets ( Fig. 2A) . However, CCRs share high sequence similarity with dihydroflavonol 4-reductases (DFRs) (Lacombe et al. 1997) , which could have influenced the BLAST results. We therefore constructed an ML phylogeny with all A. thaliana CCRs, CCR-like sequences and DFRs [as indicated by The Arabidopsis Information Resource (TAIR)] to see where the streptophyte algal homologs, i.e. sequences with a unidirectional hit to a CCR sequence in the BLAST analyses, cluster (Fig. 4B) . All Chloroplastida sequences, with the exception of O. lucimarinus and C. orbicularis, were clustered with CCR, CCR-like and DFR sequences (Fig. 4B) . This is because all Chloroplastida sequences possess a very large stretch containing the Rossmann fold and therefore, like CCR and DFR, belong to the Rossman-fold superfamily. (Lacombe et al. 1997) . We used MEME (multiple Em for motif elicitation) and MAST (motif alignment and search tool) (Bailey et al. 2009 ) motif searches to identify common motifs between land plant and streptophyte algae CCRs. We found 12 different amino acid sequence motifs in both of the CCR sequences of A. thaliana. Both searches yielded similar results with respect to the presence of these motifs; MAST predicted one additional motif for M. viride and C. orbicularis, compared with the MEME prediction. In agreement with the phylogeny (Fig. 4B) , Spirogyra and Klebsormidium were found to possess most of the land plant motifs (11/12; Supplementary Fig. S5 ). The NAD(P)-binding site-containing motif was present in all algae, while the catalytic site-containing motif was only present in Spirogyra and Klebsormidium. A closer look at the NAD(P)-binding and catalytic site in the alignment revealed a high degree of conservation of the specific NAD(P)-binding site sequences, but a degeneration of the catalytic site, correlating with phylogenetic distance (Fig. 5) . I-TASSER protein model prediction retrieved the CCR of Petunia hydrida (PDB ID: 4R1S; Pan et al. 2014 ; TMscore: 0.8) as the closest structure to the KfCCR (kfl00062_0190) (Supplementary Fig. S6 ). The structurally closest protein of CCR from O. lucimarinus (protein ID 43376) was the human UDP-glucuronic acid decarboxylase (PDB ID: 2B69; TM-score 0.923); not a single CCR was among the top 10 closest structural , streptophyte (light green) and chlorophyte (yellow green) algae. Enlargement of the alignment of the entire NAD(P)-binding site-containing motif 1 (bottom) and that part of motif 6 that contains the active site (top) recovered from MEME are shown. The sequence LOGO indicates the relative occurrence of a certain amino acid at a given position in the motifs. The conserved CCR NAD(P)-binding (bottom) and catalytic (top) site are colored in black in the sequence LOGO. All 12 motifs detected by MEME are depicted above the alignment overview and are numbered. The sequence logos for motifs 2-12 can be found in Supplementary Fig. S5 .
Key characteristics of CCRs in angiosperms are a conserved N-terminal NAD(P)-binding domain [VTG(A/G)(A/G/S)G(F/ Y)(I/V/L)(G/A)] and a catalytic motif (NWYCYGK)
analogs. The I-TASSER protein model of the putative Chlamydomonas CCR (Cre12.g497652.t1.1) was structurally closest to CAD2 of M. truncatula (PDB ID: 4QTZ; Pan et al. 2014 ; TM-score: 0.855), which was shown by others to be highly similar to CCR from P. hybrida (Pan et al. 2014) . Consistent with this, the second best structural match was the CCR of P. hybrida (PDB ID: 4R1SA; TM-score 0.842). These results are consistent with the existence of a functional CCR in some streptophyte algae and-despite its phylogenetic position-probably also in the chlorophyte, C. reinhardtii.
Cinnamyl alcohol dehydrogenase (CAD) is a key enzyme in lignin biosynthesis. The CAD enzyme family is involved in the synthesis of all three lignin components; its conversion of hydroxycinnamyl aldehydes to the corresponding alcohols is one of the major rate determinants of lignin production (Gross et al. 1973 , Mansell et al. 1974 . Saballos et al. (2009) divided land plant CADs into five major groups. Groups I and V included all land plants, group II was specific to A. thaliana, while groups III and IV were posited to be angiosperm and monocot specific, respectively. These CAD enzymes might be partially functionally redundant but may also have different tissue and functional specificities (Raes et al. 2003) . Consistent with Labeeuw et al. (2015) , we detected potential CAD orthologs in chlorophytes ( Fig. 2A) . Arabidopsis thaliana sequences belonging to group II and III clustered together (Fig. 4C) . Most of the algal sequences (including Chlamydomonas) clustered with group II/III, the moss P. patens and the lycophyte S. moellendorffii. Groups I and V do indeed appear to be land plant specific (Fig. 4C) . Three algal sequences (Mesostigma, Ostreococcus and Nitella) remained outside of the CAD clusters, and are thus designated 'CAD-like' sequences. To test whether (i) the algal sequences clustering with CAD group II/III are structurally more similar to CAD-II or CAD-III and (ii) the CAD-like sequences structurally resemble CADs, we performed a structure prediction on one representative of each group. Both the O. lucimarinus CAD-like (OlCADlike) and the K. flaccidum CAD (KfCAD) protein models were structurally closest to the sinapyl alcohol dehydrogenase (SAD) of Populus tremuloides (PtSAD; Bomati and Noel 2005; Supplementary Fig. S7 ). Based on phylogenetic analyses, the closest homologs of PtSAD in A. thaliana are the group II CADs (Guo et al. 2010) , suggesting that streptophyte algal CADs may have the less limited functional abilities found in SADs compared with bona fide CADs (group I; Youn et al. 2006 , Barakate et al. 2011 : Nicotiana SAD was shown not to be involved in S-lignin synthesis, but rather to play a role in the production of plant defense metabolites (Barakate et al. 2011 ), e.g. the various lignans derived from the PP pathway (Suzuki and Umezawa 2007, Saleem et al. 2010) .
Dirigent (DIR) proteins are an important enzyme family in lignan biosynthesis (Burlat et al. 2001) . To analyze the possibility of lignan biosynthesis in streptophyte algae, we queried the transcriptomes and genomes of the streptophyte algae with all sequences of proteins indicated as DIR proteins by TAIR and found that the K. flaccidum genome encodes one DIR protein (kfl00751_0020, orthologous to AT3G58090). The absence of DIR proteins from transcriptomes of the other streptophyte algae was, however, not surprising, as many DIR proteins are upregulated specifically during defense responses (Ralph et al. 2007 , Oliva et al. 2015 . Similarly, the corresponding CADs (group II) show relaxed constraints in their sequence evolution, increased functional variability and up-regulation upon pathogen elicitor treatments, and were suggested to act in defense responses (Youn et al. 2006 , Logemann et al. 1997 , Guo et al. 2010 . Both KfCAD and OlCAD-like are predicted to have NAD/ NADH-binding sites (C-scores 0.92 and 0.89) and CAD activity (EC 1.1.1.195; C-scores EC 0.704 and 0.677). These results suggest that although they do not cluster together in the phylogeny, both CAD and CAD-like sequences harbor a potential CAD function; the products may be lignin-like and/or defense compounds, whose production might involve DIR proteins. This is substantiated by the fact that lignin-like components are present in streptophyte algae (see Sørensen et al. 2011) .
Lignification is facilitated by class III peroxidases (Marjamaa et al. 2009 , Fagerstedt et al. 2010 , Shigeto and Tsutsumi 2016 ).
Here we found that all streptophyte algae possess at least one class III peroxidase (Fig. 2) . However, so far only nine of these class III peroxidases (AtPRX2, AtPER4, AtPRX17, AtPRX25, AtPRX37, AtPRX52, AtPER64, AtPRX71 and AtPRX72) were identified as important in lignification in A. thaliana (Pedreira et al. 2011 , Herrero et al. 2013 , Lee et al. 2013 , Shigeto et al. 2013 , Fernández-Pérez et al. 2015a , Fernández-Pérez et al. 2015b , Fernández-Pérez et al. 2015c , Shigeto and Tsutsumi 2016 , Cosio et al. 2017 . We therefore surveyed whether streptophyte algae possess orthologs of these specific peroxidases, and found only an ortholog of the PRX52-encoding gene in Coleochaete, but no other streptophyte algae ( Fig. 2A) . CoPRX52 is slightly longer than AtPRX52; however, both are predicted to have a secretory peroxidase domain of similar length and spanning almost the entire protein (Fig. 6A) . We further checked the [aa] 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
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A B Fig. 6 Lignification-associated peroxidases and laccases of Coleochaete orbicularis and Arabidopsis thaliana. In our data set, the only orthologs of lignification-associated peroxidases (A) and laccases (B) detected in streptophyte algae were found in C. orbicularis. The C. orbicularis and A. thaliana orthologs are depicted to scale (in amino acids), along with their putative domain structures predicted using CD search (Marchel-Bauer et al. 2015) . Domains: Secretory PRX, secretory plant peroxidase; CuRO1,2,3, cupredoxin domain 1, 2 and 3; CuRO, cupredoxin superfamily; CuOX, Cu-oxidase.
six active site residues reported by Welinder et al. (2002) for class III peroxidases including AtPRX52 (R66, H70, N98, P167, H197 and D269, positions according to the AtPRX52 sequence). We found that all residues, except N98 (i.e. five out of six), were conserved in CoPRX52. This suggests that CoPRX52 could aid lignification. It is noteworthy that Harholt et al. (2016) mentioned that Klebsormidium possesses a lignin peroxidase-resembling protein, highlighting that there are probably more ligninrelated enzymes to be discovered in streptophyte algae sequence data that are currently being generated (see Rensing 2017) . We further surveyed the putative polymerization of monolignols into lignins by looking at the laccase repertoire, using AtLAC4, AtLAC11 and AtLAC17 (Berthet et al. 2011 , Zhao et al. 2013 . Among streptophyte algae, our bi-directional BLAST analyses only detected laccase orthologs in the data set of C. orbicularis. Using CD (conserved domain) search, we found that the putative CoLAC4 and CoLAC11 probably have three cupredoxin domains, resembling their A. thaliana orthologs (Fig. 6B) . The presence of these laccases and PRX52 in Coleochaete warrants attention, as it has long been known to be particularly desiccation tolerant (Graham et al. 2012 ) and ranks among the best-known reports of lignin in streptophyte algae (Delwiche et al. 1989 ).
Conclusion
The PP pathway is the source of a variety of signature metabolites of land plants. Even using a very stringent approach, our analyses suggest that the basal branching streptophyte alga Klebsormidium has the genes not only for the production of lignin-like precursors for cell wall reinforcement, but also for secondary metabolites that are known for their importance in plant defense (Dixon et al. 2002) . The latter warrants attention. Beneficial microbiota have long been considered to have been a factor in streptophyte terrestrialization (Field et al. 2015 ; see also Knack et al. 2015) . In turn, however, early land plants were probably challenged by a whole set of new pathogens. While streptophyte algal immunity has not been studied, our data suggest that it could include PP-derived metabolites. The degree to which all of this genetic potential translates into the biosynthesis of specific metabolites awaits metabolomic investigation.
Materials and Methods
Identification of orthologs associated with the biosynthesis of phenylpropanoids and their derivatives
We assembled a protein sequence data set from the genomes of two chlorophytes [Ostreococcus lucimarinus v2.0 (Palenik et al. 2007 ) and Chlamydomonas reinhardtii v5.5 (Merchant et al 2007) ] the streptophyte alga Klebsormidium flaccidum v1.0 (Hori et al. 2014 ) and four land plants [Physcomitrella patens v3.3 (Rensing et al. 2008) , Selaginella moellendorffii v1.0 (Banks et al. 2009 ), Picea abies v1.0 (Nystedt et al. 2013) and Arabidopsis thaliana v10 (Arabidopsis Genome Initiative 2000) ]. The data set was further complemented with transcriptome data from four streptophyte algae [Mesostigma viride, Nitella mirabilis, Coleochaete orbicularis and Spirogyra pratensis (Ju et al. 2015) ]. We extracted 22 PP core, 40 coumarin, 89 lignin, six 'other' and 14 flavonoid biosynthesis pathway enzymes from the A. thaliana KEGG (cf. Kanehisa et al. 2016 ; see Kanehisa et al. 2017 ) entry and used them as queries for BLAST analyses against our data set. Additionally, we searched for (i) AtLAC4 (AT2G38080), AtLAC11 (AT5G03260) and AtLAC17 (AT5G60020)-as they were characterized by Zhao et al. (2013) as crucial for lignin polymerization-and (ii) 25 Arabidopsis DIR proteins, which were extracted from TAIR. For more indepth analyses, a reciprocal best BLAST hit analysis was performed. Protein structure predictions were performed using I-TASSER. Motif searches were performed using a MEME/MAST search. Settings were as described in de Vries et al. (2017b) .
Phylogenetic analyses
Phylogenies were created using (i) only the best hits of a reciprocal BLAST search in our data sets (4CL and CAD); (ii) the best BLAST hit of a one-way BLAST of our data sets (CCR); and (iii) the best reciprocal BLAST hit combined with homologous sequences from the NCBI (HAL/PAL). Fungal PAL sequences were chosen based on Emiliani et al. (2009) . Plant PAL sequences were retrieved from genome data based on their annotations. The remaining PAL and HAL sequences were retrieved via a BLASTp search against the refseq databases of a-, b-, e-and gProteobacteria, Firmicutes, Stramenopiles, Alveolata, Cnidaria, Protistoma, Insecta and Mammalia. All selected sequences had !60% query coverage, an evalue of 10
À5 and an identity of !30%. Nucleotide sequences were converted into amino acid sequences using the translate function of the Sequence Manipulation Suite (Stothard 2000) . Non-plant outgroup sequences were chosen largely based on Labeeuw et al. (2015) . Sequences were aligned using either L-INS-I (4CL, CCR and PAL) or G-INS-I (CAD) with default options in mafft v7.305b (Katoh et al. 2002, Katoh and Standley 2013) . ML phylogenies were created using MEGA 7 (Kumar et al. 2016) using the LG-model + G (category = 5) + I, partial deletion cut-off of 95% for sites that contained gaps and 100 (PAL) or 500 (4CL, CCR and CAD) bootstrap replicates.
Supplementary data
Supplementary data are available at PCP online. an ortholog in the streptophyte alga Klebsormidium flaccidum) directs PP derivatives into another pathway that acts in cuticle biosynthesis. While lignin-like components were detected in streptophyte alga (Delwiche et al. 1989 , Kroken et al. 1996 , Ligrone et al. 2008 , Sørensen et al. 2011 , the presence of cuticle-like surface materials has only been suggested Graham 1998, Graham et al. 2012 ). Whether or not C3H is involved in the biosynthesis of cuticle(-like) surface materials in streptophyte algae, too, remains to be investigated. If so, it has important implications for streptophyte algal tolerance of drought/desiccation -a major terrestrial stressor -and hence streptophyte terrestrialization.
